Twist1 is a basic helix-loop-helix-containing transcription factor that is expressed in the dental mesenchyme during the early stages of tooth development. To better delineate its roles in tooth development, we generated Twist1 conditional knockout embryos (Twist2 Cre/؉ ;Twist1 fl/fl ) by breeding Twist1 floxed mice (Twist1 fl/fl ) with Twist2-Cre recombinase knockin mice (Twist2 Cre/؉ ). The Twist2 Cre/؉ ;Twist1 fl/fl embryos formed smaller tooth germs and abnormal cusps during early tooth morphogenesis. Molecular and histological analyses showed that the developing molars of the Twist2 Cre/؉ ;Twist1 fl/fl embryos had reduced cell proliferation and expression of fibroblast growth factors 3, 4, 9, and 10 and FGF receptors 1 and 2 in the dental epithelium and mesenchyme. In addition, 3-week-old renal capsular transplants of embryonic day 18.5 Twist2 Cre/؉ ; Twist1 fl/fl molars showed malformed crowns and cusps with defective crown dentin and enamel. Immunohistochemical analyses revealed that the implanted mutant molars had defects in odontoblast differentiation and delayed ameloblast differentiation. Furthermore, in vitro ChIP assays demonstrated that Twist1 was able to bind to a specific region of the Fgf10 promoter. In conclusion, our findings suggest that Twist1 plays crucial roles in regulating tooth development and that it may exert its functions through the FGF signaling pathway.
Twist1 is a basic helix-loop-helix-containing transcription factor that is expressed in the dental mesenchyme during the early stages of tooth development. To better delineate its roles in tooth development, we generated Twist1 conditional knockout embryos (Twist2 Cre/؉ ;Twist1 fl/fl ) by breeding Twist1 floxed mice (Twist1 fl/fl ) with Twist2-Cre recombinase knockin mice (Twist2 Cre/؉ ). The Twist2 Cre/؉ ;Twist1 fl/fl embryos formed smaller tooth germs and abnormal cusps during early tooth morphogenesis. Molecular and histological analyses showed that the developing molars of the Twist2 Cre/؉ ;Twist1 fl/fl embryos had reduced cell proliferation and expression of fibroblast growth factors 3, 4, 9, and 10 and FGF receptors 1 and 2 in the dental epithelium and mesenchyme. In addition, 3-week-old renal capsular transplants of embryonic day 18.5 Twist2 Cre/؉ ; Twist1 fl/fl molars showed malformed crowns and cusps with defective crown dentin and enamel. Immunohistochemical analyses revealed that the implanted mutant molars had defects in odontoblast differentiation and delayed ameloblast differentiation. Furthermore, in vitro ChIP assays demonstrated that Twist1 was able to bind to a specific region of the Fgf10 promoter. In conclusion, our findings suggest that Twist1 plays crucial roles in regulating tooth development and that it may exert its functions through the FGF signaling pathway.
Tooth morphogenesis is an advancing process through which the dental epithelium thickens, buds, grows, and folds to form a bell-shaped enamel organ (1) . This process involves a series of sequential and reciprocal interactions between the dental epithelium and the underlying mesenchyme. This series is mediated by a number of growth factors, cell membrane receptors, and intracellular transcription factors (2) (3) (4) (5) .
Human and mouse genetic studies have demonstrated that the FGF signaling pathway is essential for tooth development (6) . The epithelially derived Fgf4, Fgf8, and Fgf9 bind to FGF receptor 2c (Fgfr2c) and regulate mesenchymal cell proliferation, whereas mesenchymally derived Fgf3 and Fgf10 interact with Fgfr2b and stimulate epithelial cell proliferation (7) (8) (9) . This reciprocal interaction is responsible for the formation of critical masses of dental epithelial and mesenchymal tissues that are shaped, sized, and positioned for the terminal differentiation of odontoblasts and ameloblasts. Previous studies have shown that Fgf3 and Fgf10 are involved in determining the size of teeth (8, 10 -12) . Further studies have revealed that a decrease in Fgf3 dosage in mice and humans led to a phenotype resembling the progressive reappearance of the dental morphogenesis of primitive rodent and primate fossils (13) . These findings demonstrate the importance of fine-tuning FGF signaling in both early tooth morphogenesis and late tooth cusp formation.
Twist1 is a basic helix-loop-helix-containing transcription factor and is co-expressed with Fgf3 and Fgf10 as well as Fgfr2c in the neural crest-derived dental mesenchyme throughout tooth development (7, 14 -16) . This overlapping expression pattern suggests that Twist1 may be a transcription factor regulating FGF signaling within and from the dental mesenchyme, thereby coupling the epithelial and mesenchymal FGF pathways. However, this hypothesis has not been tested in vivo in animal models because of the embryonic lethality of Twist1null embryos (17) .
Twist2, also called Dermo-1, shares a high degree of sequence identity with Twist 1, particularly in the basic helixloop-helix region and the C-terminal region (18) . Although Twist2 is expressed temporally after Twist1, they show an extensive overlapping expression pattern, especially when they are both expressed in the craniofacial mesenchyme during embryonic development (19) . Twist2-heterozygous mice display no apparent developmental defects (20) . The Twist2-null mouse phenotype depends on the genetic background. In an inbred 129/Sv genetic background, Twist2-null mice die perinatally, but, in the 129/C57 mixed genetic background, they develop only a mild focal, facial, dermal, dysplasia-like phenotype (21) . The role of Twist2 in tooth development is unknown.
During the histodifferentiation of crown formation, the terminal differentiation of ameloblasts and odontoblasts also involves a series of reciprocal interactions between the inner enamel epithelium and the cells of the outer layer of the dental papilla. Presumably, a defect in odontoblast differentiation may adversely affect ameloblast differentiation. Our previous studies have demonstrated that Twist1 promotes the differentiation of human dental pulp stem cells into odontoblast-like cells in vitro (22) . However, it remains to be determined whether Twist1 plays a role in regulating the differentiation of odontoblasts in vivo or whether it indirectly affects ameloblast differentiation.
To overcome the embryonic lethality of Twist1-null embryos, Twist1-floxed mice were generated and used widely to study the roles of Twist1 in the development of various organs (23) (24) (25) . In this study, we generated Twist1 conditional knockout mouse embryos by breeding Twist1-floxed mice with Twist2-Cre recombinase knockin mice and examined their phenotypic and molecular changes in the developing tooth germs. In addition, we determined the ability of the Twist1deficient tooth germs to form crown dentin and enamel using the kidney capsule implantation approach.
Experimental Procedures
Experimental Animals-All animal procedures were approved by the Institutional Animal Care and Use Committee at Texas A&M University Baylor College of Dentistry. Twist1 floxed mice (Twist1 fl/fl ), Twist2-Cre knockin mice (Twist2 Cre/ϩ ), Sox2-Cre transgenic mice, and ROSA26 conditional reporter mice (R26R LacZ/LacZ ) have been described previously (23, 26 -28) . Twist1 fl/fl mice were mated with Sox2-Cre mice to generate Twist1-heterozygous mice (Sox2-Cre;Twist1 fl/ϩ ). Twist1 fl/fl mice were bred with Twist2 Cre/ϩ mice to generate compound Twist1 and Twist2 heterozygous mice (Twist2 Cre/ϩ ; Twist1 fl/ϩ ), which were crossed again with the Twist1 fl/fl mice to obtain embryos with the conditional deletion of the Twist1 gene in tissues where Twist2 is expressed (Twist2 Cre/ϩ ; Twist1 fl/fl ). Twist1 fl/ϩ and Twist1 fl/fl embryos were used as controls. R26R LacZ/LacZ mice were bred with Twist2 Cre/ϩ mice to generate Twist2 Cre/ϩ ;R26R LacZ/ϩ embryos.
X-Gal Staining-X-gal staining was performed to detect ␤-gal activity in the tooth germs of the Twist2 Cre/ϩ ;R26R LacZ/ϩ embryos, as described previously (29) . Briefly, embryos at embryonic days (E) 4 12.5-18.5 were fixed in 4% paraformaldehyde for 1 h, soaked in 30% sucrose overnight, and then embedded in optimum cutting temperature Compound (Tissue-Tek). Samples were cut with a cryostat at 10 m, and sections were stained overnight at 37°C in 1% X-gal solution (Invitrogen).
Whole-mount Bone and Cartilage Staining-Whole-mount E18.5 control and Twist2 Cre/ϩ ;Twist1 fl/fl embryos were stained with Alizarin red and Alcian blue to stain the bone and cartilage, respectively, as described previously (26) . The stained specimens were washed, stored, and photographed in aqueous 95% ethanol 40:60 glycerol solution.
Histology and BrdU Cell Proliferation Analysis-The embryos were harvested at the desired developmental stages and fixed in 4% paraformaldehyde overnight at 4°C. For histo-logical testing, the embryos were then dehydrated through a series of graded ethanol and embedded in paraffin wax. Serial sections of 6 m were cut and stained with H&E.
To detect cell proliferation in the tooth germs, we injected the BrdU labeling reagent (Roche, 10 l/g body weight) intraperitoneally once a day at gestational day 15.5. Thirty minutes after injection, the embryos were dissected, fixed overnight in 4% paraformaldehyde at 4°C, embedded in paraffin, and sectioned at 6 m in the coronal plane. Cell proliferation was assessed using the Invitrogen BrdU staining kit according to the instructions of the manufacturer. For color reaction, 3,3Јdiaminobenzidine (Vector Laboratories, DAKO) was used as a substrate.
Real-time RT-PCR (Quantitative RT-PCR)-Total RNA was extracted from the mandibular first molars of E14.5 Twist2 Cre/ϩ ; Twist1 fl/fl and control embryos using an RNeasy mini kit (Qiagen, Germantown, MD) according to the instructions of the manufacturer (Invitrogen) and reverse-transcribed into cDNA with a reverse transcription kit (Qiagen). Quantitative realtime PCR was performed using a Go Tag quantitative PCR master mix system (Promega, Madison, WI). Mouse 18S rRNA primers (catalog no. PPM57735E-200, Qiagen) were used for normalization. The primers for Fgfr1 and Fgfr2 have been reported elsewhere (26) . The primers for Fgf3 were 5Ј-TAAGGTACCTTCCTGCCTAGCTCCAAGAG-3Ј and 5Ј-CCCAGGATGCACACACTCAG-3Ј. The primers for Fgf10 were 5Ј-TCAAAGCCATCAACAGCAAC-3Ј and 5Ј-GGAG-GAAGTGAGCAGAGGTG-3Ј. All experiments were performed in triplicate on three animals. The data were analyzed using the 2 Ϫ⌬⌬C T method as described previously (26) . In Situ Hybridization and Immunohistochemistry-In situ hybridization on paraformaldehyde-fixed, paraffin-embedded sections was performed as described previously (30) . Digoxigenin-labeled, single-stranded RNA probes of Shh, Fgf3, Fgf10, Fgfr1, Fgf4, and Fgf9 were used in this study. A 640-bp fragment of mouse Shh cDNA, a 1.2-kb fragment of mouse Fgfr1 cDNA, a 0.62-kb fragment of mouse Fgf4 cDNA, and a 0.41-kb fragment of mouse Fgf9 cDNA were used to generate antisense riboprobes. The Fgf3 and Fgf10 RNA probes were generated as described previously (31, 32) . Deparaffinized sections were immunostained with polyclonal anti-digoxigenin antibodies, conjugated to alkaline phosphatase (Roche), and developed with a NBT/BCIP (nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate) substrate system. At least three individual samples were analyzed for each probe.
For immunohistochemistry testing, paraffin-embedded sections were treated with polyclonal rabbit anti-Twist1 (Abcam), polyclonal rabbit anti-ameloblastin (Santa Cruz Biotechnology) and the polyclonal rabbit antibody against dentin sialoprotein (DSP) as the primary antibodies. The signals were visualized with 3,3Јdiaminobenzidine (Vector Laboratories, DAKO) or with Alexa Fluor 555-coupled secondary antibody (Invitrogen) for immunofluorescence.
Kidney Capsule Grafting of Tooth Germs-The Twist2 Cre/ϩ ; Twist1 fl/fl mice were embryonically lethal. Therefore, it was impossible to determine the roles of Twist1 in postnatal tooth development. To overcome this limitation, kidney capsule grafting of tooth germs was performed. Briefly, the tooth germs of E18.5 mandibular first molars were dissected from Twist2 Cre/ϩ ; Twist1 fl/fl and control embryos and subsequently transplanted under the kidney capsule of anesthetized C57BL/6J mice as described by Otsu et al. (33) . Three weeks after transplantation, the mice were sacrificed, and the kidneys with implanted tooth germs were removed carefully for further analysis.
Plain X-ray and Micro-computed Tomography (CT) Analysis-For plain x-ray radiography, the tooth germs implanted under the kidney capsule for 3 weeks were analyzed with a Faxitron MX-20 specimen radiography system (Faxitron X-ray Corp., Buffalo Grove, IL). Then the control and mutant molars were scanned in a CT system (CT35, Scanco Medical, Basserdorf, Switzerland). The scans were performed at 55 kV, 145 A, and 300 integration time and a resolution of 3 m.
Cell Culture and ChIP Assay-Odontoblast-like MDPC-23 cells were cultured in a 6-well plate with ␣-modified Eagle's medium supplemented with 10% fetal bovine serum (Invitrogen). The ChIP assay was performed according to the instructions of the manufacturer using the MAGnify TM chromatin immunoprecipitation system (Invitrogen). Briefly, the cells were treated with 1% formaldehyde for 15 min to generate protein-DNA cross-links between molecules in close proximity within the chromatin complex. The odontoblast-like cells (MDPC-23) were then lysed for 5 min using lysis buffer, and chromatin was released from the nuclei and sheared by sonication to reduce the average DNA fragment size to 100ϳ300 bp. Then the cross-linked Twist1 protein was immunoprecipitated using a specific ChIP-qualified anti-Twist1 antibody conjugated to Dynabeads protein A/G. The formaldehyde crosslinking was reversed by heat treatment at 55°C for 15 min, and the DNA associated with that Twist1 protein was purified by DNA purification magnetic beads (Invitrogen). The purified DNA was analyzed by PCR with the following primers: forward, 5Ј-CGCCAAGAGAGAGGCTATGT-3Ј; reverse, 5Ј-AGCTT-CGTTTCCTCCTCTCC-3Ј. The primers amplified a product of 169 bp of the Fgf10 promoter, spanning Ϫ1101ϳ1269 nt. As a positive control for PCR, DNA prepared from samples prior to immunoprecipitation was used as input DNA.
Data Quantification and Statistical Analysis-All experiments were repeated at least three times, and at least four samples of each phenotype were collected for each experiment. The data analysis was conducted with Student's t test for two-group comparison and with one-way analysis of variance for multiplegroup comparison. If significant differences were found with one-way analysis of variance, the Bonferroni method was used to determine which groups were significantly different from others. The quantified results are presented as mean Ϯ S.E. p Ͻ 0.05 was considered statistically significant.
Results

Delayed Development of the Third Molars in Twist2
Cre/ϩ ; Twist1 fl/ϩ Mice-We first generated Twist1 and Twist2 single heterozygous embryos and analyzed the morphology of the developing tooth germs at E13.5, E15.5, E16.5, and E18.5. Twist1 heterozygous embryos were generated by breeding Twist1 fl/fl mice with Sox2-Cre mice. H&E staining showed that deleting one allele of the Twist1 or Twist2 gene had no apparent effect on early tooth morphogenesis ( Fig. 1, A-D" ). Then we generated compound Twist2 Cre/ϩ ;Twist1 fl/ϩ mice by breeding Twist1 fl/fl mice with Twist2 Cre/ϩ mice so that one allele of Twist1 gene was specifically deleted in the tissues, including the dental mesenchyme, where the Twist2 is expressed. To ensure that Twist2-Cre was active in the dental mesenchyme, we generated Twist2 Cre/ϩ ;R26R LacZ/ϩ embryos and examined whether the Twist2-Cre could activate a ␤-gal expression in the dental mesenchyme of the ROSA26 embryos. X-gal staining showed that ␤-gal-positive cells were specifically restricted to the neural crest-derived ectomesenchyme but not in the dental epithelium in the molars from the bud to bell stages (E12.5-E18.5) ( Fig. 2, A-F) . Although individual Twist1 and Twist2 heterozygous mice showed no apparent defects in tooth devel-FIGURE 1. Individual Twist1 and Twist2 heterozygous mice showed no apparent defects in tooth development. A-D'', hematoxylin and eosinstained coronal sections through the developing first molar tooth germs of control (A-D), Sox2-Cre;Twist1 fl/ϩ (A'-D'), and Twist2 Cre/ϩ mutant (A"-D") mouse embryos from E13.5 to E18.5 are shown. EO, enamel organ; DF, dental follicle; DP, dental papilla; DE, dental epithelium; DM, dental mesenchyme. E and F, delayed development of the third molars (M3) in Twist2 Cre/ϩ ;Twist1 fl/ϩ mice. H&E staining showed that the third molar had developed to late bell stage in the control mice (E), whereas they were missing in the Twist2 Cre/ϩ ; Twist1 fl/ϩ mice (F) at the age of 1 week. G and H, X-radiography demonstrated that the third molars were also observed in the Twist2 Cre/ϩ ;Twist1 fl/ϩ mice at the age of 3 weeks (H), although they appeared to be smaller than those in the control mice (G). Scale bars ϭ 100 m (A-D") and 200 m (E and F). opment, the compound Twist2 Cre/ϩ ;Twist1 fl/ϩ mice exhibited delayed development of the third molars. Histological analysis showed that the third molars had fully developed to late bell stage in the control mice ( Fig. 1E) , whereas they were missing in the double-heterozygous mice by 1 week (Fig. 1F ). However, x-ray radiography demonstrated that the third molars were also observed in the double-heterozygous mice by 3. weeks (Fig.  1H ), although they appeared to be smaller than those in the control mice (Fig. 1G) . These observations suggest that Twist1 and 2 might have a redundant function and that the superimposed haploinsufficiency of these two molecules is sufficient to cause defects in tooth development.
Delayed Tooth Development and Reduced Cell Proliferation in Developing Molars of Twist2 Cre/ϩ ;Twist1 fl/fl Embryos-Next we generated Twist2 Cre/ϩ ;Twist1 fl/fl embryos by breeding Twist2 Cre/ϩ ;Twist1 fl/ϩ mice with Twist1 fl/fl mice. Immunofluorescent staining showed that Twist1 protein signals were observed in the dental mesenchyme at E15.5 (Fig. 3, A, C , and E) but were barely detectable in the dental mesenchyme at E18.5 and postnatal day 6 ( Fig. 3, B, D, F, G, I, and K) . As expected, no Twist1 protein signals were detected in the dental mesenchyme of the Twist2 Cre/ϩ ;Twist1 fl/fl embryos at E15.5 (Fig. 3, H, J, and  L) . We found that all Twist2 Cre/ϩ ;Twist1 fl/fl embryos died before birth because of severe abdominal hernias, brain defects, and cleft palates. The histological analyses demonstrated that the Twist2 Cre/ϩ ;Twist1 fl/fl embryos had smaller tooth germs with abnormal cusps at E15.5 and E18.5 (Fig. 4, A-D) . At E15.5, the control molars had developed to late cap stage (Fig. 4A ), whereas the Twist2 Cre/ϩ ;Twist1 fl/fl molars were much smaller and were still at the early cap stage (Fig. 4B ). At E18.5, the Twist2 Cre/ϩ ;Twist1 fl/fl molars (Fig. 4D ) were smaller and had abnormal cusps compared with the control molars ( Fig. 4C ). Sonic hedgehog (Shh) is a marker for primary enamel knots (34 -36) . In situ hybridization showed that Shh transcription was reduced in the molars of Twist2 Cre/ϩ ;Twist1 fl/fl embryos compared with the control embryos (Fig. 4, E and F) . Consistent with the smaller size of the tooth germs, the Twist2 Cre/ϩ ; Twist1 fl/fl embryos showed a significantly reduced cell proliferation rate in both the dental epithelium and mesenchyme in the first mandibular molars compared with the control embryos ( Fig. 4, G, H, and I) . These results suggest that Twist1 regulates cell proliferation during early tooth development. Alizarin red/ Alcian blue staining was performed to assess the overall skeletal structures of E18.5 Twist2 Cre/ϩ ;Twist1 fl/fl embryos. The mutant embryos showed severe skeletal developmental defects, lack of skull bone, poorly developed frontonasal bones, and lack of fibula bones compared with the control embryos (Fig. 5, A and B) .
Reduced Fgf and Fgfr Expression in Developing Molars of Twist2 Cre/ϩ ;Twist1 fl/fl Embryos-FGF signaling plays a crucial role in regulating cell proliferation during tooth development (6) . Therefore, we examined whether the expression of FGF ligands and receptors was affected by the deletion of Twist1 in the developing tooth germs in the Twist2 Cre/ϩ ;Twist1 fl/fl embryos at E15.5 (Fig. 6, A-L) . In situ hybridization showed that the Fgf3 and Fgf10 transcripts were observed in the dental mesenchyme, whereas the Fgfr1, Fgf4, and Fgf9 transcripts were primarily found in the dental epithelium. The levels of Fgf3, Fgf10, Fgfr1, Fgf4, and Fgf9 transcripts were reduced dramatically reduced in the Twist2 Cre/ϩ ;Twist1 fl/fl embryos (Fig. 6, B , D, F, J, and L) compared with the controls (Fig. 6, A, C, E, I, and K) . DECEMBER 4, 2015 • VOLUME 290 • NUMBER 49
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Immunohistochemistry showed that the Fgfr2 protein was located in both the dental epithelium and mesenchyme of the control embryos ( Fig. 6G ) but was barely detectable in the Twist2 Cre/ϩ ;Twist1 fl/fl embryos (Fig. 6H) . Quantitative realtime PCR further confirmed that the Fgf3, Fgf10, Fgfr1, and Fgfr2 transcripts decreased markedly in the developing tooth germs in the Twist2 Cre/ϩ ;Twist1 fl/fl embryos compared with the control embryos at E14.5 (Fig. 6M) . These data suggest that FGF signaling might be compromised in the Twist2 Cre/ϩ ; Twist1 fl/fl embryos.
Twist1 is Essential to Odontoblast Differentiation-Because the Twist2 Cre/ϩ ;Twist1 fl/fl embryos died before birth, we employed the in vivo kidney capsule grafting approach to determine the postnatal roles of Twist1 in odontoblast differentiation. In vivo kidney capsule grafting has been used widely to study tooth development because the tooth germs continue to develop normally under the kidney capsule (33) . We implanted tooth germs of the E18.5 Twist2 Cre/ϩ ;Twist1 fl/fl embryos under the kidney capsule of adult C57BL/6 female mice for 3 weeks and then examined the implanted tooth germs. Plain x-ray, CT, and histological analyses showed that the implanted control molars had a well developed crown and roots ( Fig. 7, A, C, E,  G, and I) , with well formed enamel and dentin. However, the Twist2 Cre/ϩ ;Twist1 fl/fl molars displayed a malformed crown and roots, abnormal cusps, and poorly formed enamel and dentin ( Fig. 7, B, D, F, H, and J) . The CT quantification analysis showed that the density of both the dentin and enamel was decreased dramatically in the Twist2 Cre/ϩ ;Twist1 fl/fl molars compared with the control molars (Fig. 7, K and L) . These observations demonstrate that Twist1 is essential for normal crown and root development.
Next we investigated whether the dentin defects in the Twist2 Cre/ϩ ;Twist1 fl/fl molars were associated with defects in odontoblast differentiation. Dentin sialophosphoprotein is a terminal differentiation marker for odontoblasts. We analyzed its expression in the odontoblasts in the implanted Twist2 Cre/ϩ ; Twist1 fl/fl molars at both transcript and protein levels. The in situ hybridization analysis showed that the Dspp transcripts were strongly expressed in the odontoblasts in the transplanted control molars (Fig. 8A ) but reduced markedly in the Twist2 Cre/ϩ ; . Fgf3 and Fgf10 transcripts were observed in the dental mesenchyme, and Fgfr1, Fgf4, and Fgf9 transcripts were primarily found in the dental epithelium. The expression of Fgf3, Fgf10, Fgfr1, Fgf4, and Fgf9 was reduced dramatically in Twist2 Cre/ϩ ;Twist1 fl/fl molars compared with the control molars. Immunohistochemical staining showed that the Fgfr2 protein (signal in brown) was localized in both the dental epithelium and mesenchyme in the control molars (G) but was barely detectable in the Twist2 Cre/ϩ ;Twist1 fl/fl molars at E15.5 (H). The dashed lines in A-L indicate the boundary between the dental epithelium and mesenchyme. Quantitative PCR analysis also showed that the Twist1 fl/fl molars (Fig. 8B ). Immunohistochemical staining with polyclonal anti-DSP antibody further verified that DSP, the amino-terminal fragment of dentin sialophosphoprotein, was barely detectable in the Twist2 Cre/ϩ ;Twist1 fl/fl molars (Fig. 8, D and F) compared with the control molars (Fig. 8, C and E) . These findings suggest that Twist1 is required for normal odontoblast differentiation.
We then determined whether there were any defects in ameloblast differentiation in the Twist2 Cre/ϩ ;Twist1 fl/fl molars. Ameloblastin is a terminal differentiation marker for ameloblasts. We analyzed its expression in ameloblasts in the implanted Twist2 Cre/ϩ ;Twist1 fl/fl molars at the protein level. Immunofluorescent staining showed that the ameloblastin-positive cells were distributed over the entire tooth crown in the control molars ( Fig. 9, A--C) , whereas they were restricted to the cuspal region in the Twist2 Cre/ϩ ;Twist1 fl/fl molars (Fig. 9 , D-F). In addition, the signal intensity of the ameloblastin protein appeared to be weaker in the Twist2 Cre/ϩ ;Twist1 fl/fl molars than in the control molars. These findings suggest that the ameloblast differentiation in the Twist2 Cre/ϩ ;Twist1 fl/fl molars was delayed and compromised.
Binding of Twist1 to the Fgf10 Promoter-Fgf10 is expressed in the dental mesenchyme, and its expression was decreased in the dental mesenchyme of the Twist2 Cre/ϩ ;Twist1 fl/fl embryos. We demonstrated consistently that Twist1 regulates the 5.9-kb Fgf10 promoter activity in vitro (37) . Here we further examined by ChIP assay whether Twist1 was able to bind to the Fgf10 promoter. We found that Twist1 bound to a region of Fgf10 promoter between Ϫ1101ϳϪ1269 bp relative to the transcription start site (Fig. 10 ). This finding suggests that Twist1 might directly bind to the Fgf10 promoter and up-regulate the Fgf10 expression in the dental mesenchyme during tooth development.
Discussion
In this study, we analyzed the phenotypic and molecular changes of the developing teeth from mouse embryos with the Twist1 alleles conditionally deleted by Twist2-Cre recombinase. Our findings demonstrate that Twist1 is essential for both early tooth morphogenesis and late odontoblast differentiation. Our data also imply that Twist1 may be the key transcription factor that mediates FGF signaling in the dental mesenchyme during tooth development.
Twist1 is essential for early tooth morphogenesis. The conventional deletion of the Twist1 gene in mice results in embryonic lethality at E11.5 (17) , thereby preventing us from studying the functions of Twist1 in tooth development. In this study, we generated Twist2 Cre/ϩ ;Twist1 fl/fl mice by breeding Twist1 fl/fl mice with Twist2 Cre/ϩ mice. We found that the Twist2 Cre/ϩ ; Twist1 fl/fl embryos formed smaller tooth germs and abnormal cusps.
We further demonstrated that Twist1 regulates early tooth morphogenesis through up-regulating FGF signaling. Twist2 Cre/ϩ ;Twist1 fl/fl mutant embryos developed smaller tooth germs and abnormal cusps, accompanied by reduced cell proliferation in both the dental epithelium and mesenchyme, FIGURE 7 . Defects in crown dentin and enamel formation. Plain x-ray radiography and CT analysis showed that the E18.5 control molars had well developed crown dentin, enamel, and roots (A, C, G, and I), whereas the E18.5 Twist2 Cre/ϩ ;Twist1 fl/fl molars displayed severe defects in crown dentin and enamel as well as abnormal root development 3 weeks after kidney capsule transplantation (B, D, H, and J) . The CT quantification analysis showed that the density of both the dentin and enamel was decreased dramatically in the compared with the control embryos. It has been well documented that FGF signaling plays essential roles in determining the size and morphology of teeth (8, 10 -13) . Therefore, we examined the expressions of two mesenchymal FGF ligands, Fgf3 and Fgf10, two epithelial FGF ligands, Fgf4 and Fgf9, and two FGF receptors, Fgfr1 and Fgfr2, in the developing tooth germs of Twist2 Cre/ϩ ;Twist1 fl/fl mutant embryos. We found that all expression of Fgf3, Fgf10, Fgf4, Fgf9, Fgfr1, and Fgfr2 was decreased in the developing molars of Twist2 Cre/ϩ ;Twist1 fl/fl mutant embryos at E14.5 and E15.5. Furthermore, our previous and current in vitro studies suggest that Twist1 was able to bind to the Fgf10 promoter and regulate Fgf10 promoter activity (37). Guenou et al. (38) have shown that Twist1 could bind to the Fgfr2 promoter and regulate Fgfr2 expression. Collectively, these studies support the notion that Twist1 is the key transcription factor in the dental mesenchyme that couples the FGF signaling pathways in the dental epithelium and dental mesenchyme.
Twist1 is essential for odontoblast differentiation. Using the kidney capsule grafting approach, we were able to prolong the growth of the E18.5 Twist2 Cre/ϩ ;Twist1 fl/fl molar tooth germs to determine the effects of Twist1 deficiency on the terminal differentiation of odontoblasts and dentin deposition. We found that the implanted Twist2 Cre/ϩ ;Twist1 fl/fl molars had poorly formed crown dentin compared with the control molars. The defects in crown dentin formation were apparently due to a defect in odontoblast differentiation, as shown by the dramatically reduced Dspp expression. This finding is consistent with our previous in vitro data showing that Twist1 promotes the odontoblast-like differentiation of human dental pulp stem cells (22) . However, we and others have demonstrated that Twist1 is barely detectable in the dental mesenchyme at E18.5 and onwards, when the terminal differentiation of odontoblasts starts (14, 15) . These observations suggest that Twist1 may be required for preparing the dental mesenchymal cells for their terminal differentiation into odontoblasts.
In addition, the implanted Twist2 Cre/ϩ ;Twist1 fl/fl molars had poorly formed enamel, crown, and roots. We found that low levels of ameloblastin-expressing ameloblasts were restricted to the cuspal regions of the Twist2 Cre/ϩ ;Twist1 fl/fl molars, suggesting a delayed and compromised ameloblast differentiation. During crown formation, the interactions between the dental epithelium and underlying mesenchyme lead to the formation of a bell-shaped tooth germ in which the inner enamel epithelial cells and outer layer of dental papilla cells are positioned properly next to each other and get ready for terminal differentiation and enamel/dentin formation (39) . The initial deposition of enamel and dentin occurs at the future cuspal/incisal regions of the bell-shaped tooth germ, which also involves a series of reciprocal interactions that occur between the inner enamel epithelial cells and subjacent outer layer of dental papilla cells. Therefore, the defective ameloblast differentiation might be secondary to the odontoblast differentiation defects. Alternatively, the defects in ameloblast differentiation might also be due to the reduced FGF signaling in the dental epithelium. Because root formation begins after crown formation is completed, it is likely that the defects in root formation may be due to the abnormal root odontoblast differentiation as well as the abnormal crown formation in the implanted Twist2 Cre/ϩ ; Twist1 fl/fl molars.
Twist2 might play a similar role as Twist1 in tooth development. Twist1 and Twist2 share a high degree of amino acid sequence identity, particularly in the basic-helix-loop-helix domain and in the C-terminal domain (18) . In addition, they exhibit significant overlapping expression patterns during embryonic development (19) . We have demonstrated previously that both Twist1 and Twist2 stimulate 4.9-kb Fgfr2 promoter activity and play a redundant function in regulating skel-etal development through modulating FGF signaling (26) . In this study, we have shown that, although there were no apparent defects in tooth development in either the Twist1 or Twist2 single heterozygous embryos, Twist1 and Twist2 compound heterozygous (Twist2 Cre/ϩ ;Twist1 fl/ϩ ) mice showed delayed development of the third molars. These findings suggest that the loss of one allele of the Twist2 gene (i.e. Twist2 Cre/ϩ ) may contribute to the tooth phenotype of the Twist2 Cre/ϩ ;Twist1 fl/fl embryos. However, the conditional deletion of the Twist1 gene alone in the neural crest-derived cells mediated either by Wnt1-Cre or by Hand2-Cre also results in the formation of small first lower molars (40, 41) . Therefore, whether Twist2 plays a definitive role similar to Twist1 in tooth development remains to be investigated further.
In summary, we have demonstrated that Twist1 plays essential roles during tooth development. It is required for early tooth morphogenesis, odontoblast differentiation, and crown formation.
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